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Background   Bone defects after failed total hip 
arthroplasty can be reconstructed with impacted mor-
selized bone grafts and a cemented cup. On the acetabu-
lar side, the effects on initial cup stability of washing 
bone grafts prior to impaction and bone graft size remain 
unclear. Related to these variables, cement penetration 
and inter-particle shear resistance have been suggested 
to be critical factors to ensure initial cup stability.
Methods   Using a synthetic acetabular model, we 
studied the effects of (1) washing bone grafts prior to 
impaction, and (2) bone graft size on the initial stability 
of cemented cups. In addition, cement penetration was 
measured using CT scans.
Results   Reconstructions with large, washed bone 
grafts provided the highest stability during mechanical 
compression and in a lever-out situation. Washing of the 
bone grafts had a positive effect on initial cup stabil-
ity, but the size of the bone grafts appeared to be more 
important. Cement penetration was affected by bone 
graft size but not by washing.
Interpretation   From a mechanical standpoint, large 
bone grafts that have been washed prior to impaction 
may be preferable in order to obtain optimal cup stabil-
ity using the bone impaction grafting technique. 
■
The loosening process associated with a failed 
total hip arthroplasty (THA) revision often results 
in massive loss of bone stock. The bone defect can 
be reconstructed with impacted morselized bone 
grafts (Slooff et al. 1984). The bone impaction 
grafting technique utilizes vigorous impaction of 
morselized bone grafts in contained defects. This 
technique has provided good long-term clinical 
results on the acetabular side (Gross 1999, Welten 
et al. 2000, Schreurs et al. 2001, 2004, Ornstein 
2002) Initial stability of the surgical reconstruc-
tion is essential for long-term survival, and can 
be assessed by preclinical in-vitro testing. Recon-
structive failure is mainly caused by either exces-
sive shear or compressive stress, or a combination 
of both (Brodt et al. 1998, Bolder et al. 2002). Ace-
tabular tilting of the cup is an example of failure 
due to shear forces. Excessive axial migration of 
the acetabular cup can be considered failure under 
merely compressive loading. 
Mechanical tests of impacted bone grafts have 
been reported (Brodt et al. 1998, Brewster et al. 
1999, Ullmark and Nilsson 1999, Ullmark 2000, 
Hostner et al. 2001, Dunlop et al. 2003). These 
were performed using relatively simple models, 
which possibly failed to reveal all the major fac-
tors that play a role in the initial stability of these 
reconstructions. This might explain why different 
factors such as cement penetration properties, bone 
graft grading and inter-particle shear resistance 
have independently been suggested to be critical 
factors in determining initial cup stability after 
bone impaction grafting (Brewster et al. 1999, Ull-
mark and Nilsson 1999, Ullmark 2000, Bolder et 
al. 2003, Dunlop et al. 2003). In turn, these factors 
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can be inﬂuenced by several variables such as bone 
graft size and bone graft preparation. 
The aim of this study was to determine the 
effects of bone graft washing and bone graft size 
on initial acetabular cup stability. We hypothesized 
that washing would remove bone marrow and fat, 
thereby resulting in higher cup stability due to 
better particle interlock and better cement penetra-
tion. Another aim was to assess what underlying 
mechanisms determine the stability of acetabular 
constructions. We used mechanical compression 
tests and lever-out tests (for testing under shear 
loading) to address these questions. 
Material and methods 
The in-vitro tests were performed with cylindrical 
synthetic acetabular models (Bolder et al. 2002, 
2003) produced by Sawbones (Sawbones Europe, 
Malmo, Sweden). The models contained a cortical 
wall and a spongy core with a thickness of 3 mm 
and 68 mm, respectively. The porosity of 22–23% 
resembles that of cancellous bone. Using a 60-mm 
acetabular reamer, a central cavitary defect was 
created in all acetabular models. Next, a segmen-
tal defect was created using a template. This seg-
mental defect involved about 25% of the acetabular 
wall and was contained using a ﬂat X-change metal 
mesh (Stryker Orthopaedics, Limerick, Ireland) 
and 4 AO cortical bone screws (Figure 1). The 
combined defects we created in these models were 
comparable to AAOS type 3 defects observed in 
revision surgery. For RSA measurements, 4 tanta-
lum markers were press-ﬁt inserted and glued into 
standardized placed drill holes in the acetabular 
model, while 8 other tantalum markers were press-
ﬁt inserted and glued into standardized drill holes 
in the acetabular cup. 
To reconstruct the defects using the impac-
tion bone grafting technique, 40 freshly frozen 
human femoral heads were bisected. From all 
femoral head parts, large morselized cancellous 
bone grafts (8–12 mm) were harvested (nibbled 
with a rongeur) and all of these bone grafts were 
collected in a single pool of bone grafts to com-
pensate for bone graft variability. Thereafter, this 
pool was divided into two parts: one for large 
grafts (8–12 mm) and one for small grafts. Small 
bone grafts were prepared by downsizing the large 
bone grafts with the ﬁnest rasping blade of a bone 
mill (Noviomagus bone mill; Spierings Medical 
Technologies, Nijmegen, the Netherlands). After-
wards, these downsized bone grafts were pooled 
and sieved to produce uniform-sized grafts. The 
size of these small bone grafts ranged from 2 to 4 
mm. Subsequently, in the group of large grafts and 
the group of small grafts, 50% of the bone grafts 
were washed. In this way, 4 test methods (each 
applied to 5 models) were created to reconstruct 
the simulated defect in the synthetic models (Table 
1). To wash the grafts, they were placed in a sieve 
and rinsed with 2 L of saline directly before the 
experiment. In this experiment, we used the Sur-
gilav Puls lavage set (Stryker Orthopaedics). The 
bone grafts were ﬁrst impacted against the mesh 
and subsequently into the entire defect using metal 
acetabular impactors (46 mm, 48 mm and 50 mm 
in diameter) and a metal hammer. 
At the end of the reconstruction procedure, a 
standardized impaction was performed by drop-
ping a weight of 1.5 kg 10 times, from a height of 
Figure 1. Synthetic acetabular model with a reconstructed 
combined defect.
Table 1. Properties of the test group
Model    n Bone graft size  Additional 
code (mm) preparation
LW 5 Large (8–12)  Pulse lavage washing
LU 5 Large (8–12) None
SW 5 Small (2–4) Pulse lavage washing
SU 5 Small (2–4) None
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35 cm, on a 46-mm-diameter impactor. The entire 
process created a graft layer of 4 mm inferiorly and 
10 mm superolaterally. After impaction, Simplex-P 
bone cement (Stryker Orthopaedics) was prepared. 
4 min after mixing the powder and the monomer, 
the cement was inserted in the reconstructed defect. 
The cement was pressurized for 2 min with a 65-
mm-diameter acetabular seal (DePuy International, 
Blackpool, UK). Next, the acetabular cup (Stryker 
Contemporary cup, outer diameter 40 mm, inner 
diameter 28 mm) was inserted under displacement-
controlled conditions, using an MTS loading device 
(MTS Systems Corp., Minneapolis, MN). In this 
way, the cups were placed at the same position in 
all models. Afterwards, the reconstructed models 
were wrapped in saline-soaked cloths and stored at 
6°C for 24 h to allow the cement to polymerize.
Compression test
For the mechanical compression tests, the acetabu-
lar cups were oriented under 45 degrees abduction 
and loaded using an MTS machine. Dynamic loads 
(frequency 1 Hz) of 0–1,500 N and 0–3,000 N, 
combined with a constant rotation torque (applied 
to the rim of the cup around its axis of symmetry) 
of 3 Nm (Walker and Gold 1971) were applied for 
15 min at each level (Figure 2). After loading, the 
grafts were unloaded for 15 min to allow for visco-
elastic recovery. 
RSA was used at each loading step to measure 
3-D cup migration relative to the acetabular model. 
The RSA measurement error was calculated with 
repeated examination of measurements. The accu-
racy was 0.01–0.03 mm for translation and 0.01–
0.08 degrees for rotation. Translations and rotations 
around the x-axis (medial-lateral), y-axis (cranial-
caudal) and z-axis (dorsal-ventral) were calculated 
and combined into one cup displacement value 
(mm) to quantify the migration of the cups. 
Lever-out test
After the mechanical compression test, the recon-
structions were exposed to a lever-out test, which 
was primarily designed to study the stability of 
the reconstruction under shear loading conditions. 
During the lever-out test, the acetabular models 
were ﬁxed at 8 degrees relative to an upright posi-
tion (Figure 3). A metal rod was connected to the 
inner surface of the cup. Subsequently, a force was 
applied perpendicular to the rod axis at a height 
of 150 mm by means of a wire connected to the 
MTS machine by a pulley (Figure 3). The lever-out 
test was displacement controlled (16º/min) and the 
Figure 2. Loading schedule during the mechanical com-
pression test. Three loading periods were applied of 15 
min each. First a dynamic load ranging from 0 N to 1,500 
N was applied. Subsequently the model was loaded with a 
dynamic load ranging from 0 N to 3,000 N after it remained 
unloaded (0 N) during the last 15 min.
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Figure 3. Overview of the lever-out test facility. The acetab-
ulum model is conﬁned in the holder. A metal rod is ﬁxated 
in the acetabular cup and connected to the MTS machine 
(arrow) by a pulley.
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required force was monitored. We deﬁned a sharp 
reduction in measured force as failure of the recon-
struction. The force was transformed to a lever-out 
moment in Nm. 
Cement penetration
All the lever-out tests resulted in a loosened ace-
tabular cup. All cups, with their intact bone cement 
layer, were cleaned from adherent bone graft and 
immersed in a 30% potassium chloride solution for 
6 h at 55°C to dissolve all remnants of bone. The 
cups were subsequently scanned using a CT scan-
ner (Siemens Somatom Volume Zone, Siemens 
Erlangen, Germany) with a slice thickness of 1.0 
mm and an image distance of 0.5 mm. We devel-
oped a custom-made software program to quantify 
the roughness proﬁle of the cement layer, based 
on a 3-D CT reconstruction (Crowninshield et al. 
1998). The assumption was made that roughness 
is a good indicator of cement penetration. Thus, 
the rougher the cement mantle, the greater is the 
cement penetration in the graft layer. To quantify 
the roughness, the outer surface of the cement was 
ﬁrst 3-D reconstructed and then 50 sections through 
the axis of symmetry were used (each spaced at 3.6 
degrees; Figure 4). The roughness was calculated 
on each section and ﬁnally an average value was 
obtained from the 50 slices.
Statistics
We used a linear mixed model with repeated mea-
surements to analyze differences in the mean level 
of cup displacement during mechanical compres-
sion. Displacement (mm) was the dependent vari-
able. Random variation was allowed between 
the acetabular models (i.e. random intercept). 
The independent class variables were: size of the 
bone grafts (large and small), washing conditions 
(washed and unwashed), and loading condition (6 
levels: start 1,500 N, 1,500 N after 15 min, start 
3,000 N, 3,000N after 15 min, start 0 N and 0 N 
after 15 min). The interaction term between size 
and loading was included in the model, as this was 
the only signiﬁcant ﬁrst-order interaction term. The 
estimated mean levels of displacement (with 95% 
conﬁdence intervals) were calculated by model and 
by each loading condition. Post-hoc, the appropri-
ate adjusted Tukey-Kramer contrast test was used 
to determine differences in mean levels. 
We used two-way analysis of variance 
(ANOVA) to analyze differences in the mean level 
of lever-out (Nm) and cement penetration (mm) 
separately. Again, the independent class variables 
were bone graft size and bone graft washing con-
ditions. Post-hoc, the Tukey-Kramer contrast test 
was used to determine differences in mean levels. 
SPSS statistical software version 9 was used for 
the analyses.
Results
During testing, a technical error occurred in 2 
specimens. Unfortunately, both errors involved 
reconstructions with small and unwashed bone 
grafts. We refrained from using these models in the 
lever-out test. 
Average cup displacement values due to the 
mechanical loading test were 0.9 mm and 1.85 mm 
at loading levels of 1,500 N and 3,000 N (Figure 
5). Large washed bone grafts showed signiﬁ-
cantly less migration during loading, compared to 
all other groups. Statistical analysis of the linear 
mixed model showed systematic differences for 
the factors size (p = 0.02) and washing (p = 0.08), 
indicating that signiﬁcantly less cup migration was 
obtained with large and washed bone grafts. 
The lever-out test showed that reconstructions 
with large washed bone grafts provided an average 
lever-out resistance moment of 11.45 Nm (Table 
2). This was signiﬁcantly higher than for all other 
groups (p < 0.05). Washing of the bone grafts had a 
positive effect with both bone graft sizes (p = 0.045 
for large bone grafts and p = 0.06 for small bone 
grafts). 
Figure 4. Two-dimensional representation of cup with 
cement layer on top.
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In summary, for the small grafts, we could ﬁnd 
no statistically signiﬁcant evidence that washing 
had a positive effect on initial cup stability—either 
in the mechanical compression test or in the lever-
out test. For the larger bone grafts, washing did 
show a signiﬁcant improvement on initial cup sta-
bility in both tests.
Analysis of the CT images showed that all groups 
possessed an average cement layer thickness of 
approximately 0.45 cm (SD = 0.12) around the 
cup. Cement penetration depth, however, depended 
on bone graft chip size (Table 2). We found aver-
age cement penetration depths of 1.4 mm for the 
large bone grafts and 0.9 mm for the small bone 
grafts (p < 0.001). Washing did not increase depth 
of cement penetration for either small (p = 0.1) or 
large (p = 0.1) bone graft sizes. 
Discussion
Loading of THA implants is generally a combina-
tion of shear and compression, both on the ace-
tabular and the femoral side. With the mechanical 
compression test we mainly studied compressive 
stress, although a 3 Nm rotational loading compo-
nent was also applied, generating shear stresses. In 
the lever-out test we mainly studied the reconstruc-
tive stability under shear loading conditions. Both 
the mechanical compression test and the lever-out 
test showed that acetabular defects reconstructed 
with large, washed human bone grafts provided the 
best stability. 
The artiﬁcial models in our study represented a 
simpliﬁed human acetabulum. These models are 
suitable to simulate clinical conditions, as dem-
onstrated by Bolder et al. (2003), even though 
they may deform differently as compared to the 
human pelvic bone and do not include a bleeding 
bone bed. Artiﬁcial models have the advantage 
of producing highly reproducible results, so the 
number of specimens in a test group need not be 
high. Despite the use of this reproducible model, 
we found a rather large standard variation for 
lever-out moment values in the groups containing 
large bone grafts. This was most likely caused by 
cement penetration up to the metal mesh in a few 
specimens. In these cases, a higher lever-out force 
was obtained. This could be an important clinical 
ﬁnding, supporting the use of large bone grafts 
for acetabular bone impaction grafting. However, 
clinically, this excessive cement penetration is 
a potential risk factor, because it could hamper 
revascularization of the graft layer (Bolder et al. 
2002). Despite these differences between the spec-
imens, we believe that our ﬁndings give important 
insights into the mechanisms contributing to ini-
tial cup stability.
Figure 5. Mean cup displacement (mm) during loading and 
subsequent unloading, using linear mixed model analysis. 
SW: small, washed bone grafts; SU: small, unwashed bone 
grafts; LU: large, unwashed bone grafts; LW: large, washed 
bone grafts.
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Table 2. Mean lever-out moment values (SD) at model failure, and depth of cement 
penetration
Group LW LU SW SU
Moment (Nm) 11.5 (7.42) 4.13 (2.65) 2.39 (0.52) 1.80 (0.53)
Cement penetration (mm) 1.41 (0.33) 1.39 (0.32) 0.98 (0.20) 0.92 (0.18)
Abbreviations, see Figure 5.
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The initial cup stability of cemented cups after 
acetabular bone impaction grafting is affected by 
many parameters, because failure of a cemented 
cup can occur either at the bone graft-host bone 
interface, the bone graft-cement interface, or in the 
bone graft layer itself. Based on the residual mate-
rials in the model and on the cemented cup, we 
believe that failure occurs in the bone graft layer. 
Cement penetration and inter-particle shear resis-
tance are important factors in cemented cup stabil-
ity and they can be inﬂuenced by both bone graft 
size and bone graft washing. We identiﬁed bone 
graft size as the more inﬂuential factor—conﬁrm-
ing the ﬁndings of Ullmark and Nilsson (1999), 
who concluded from experiments using simpliﬁed 
models that larger-sized bone grafts would lead to 
a more stable graft bed. Previously, Bolder et al. 
(2003) reported more stable acetabular reconstruc-
tions with large bone grafts. Our ﬁndings are also 
supported by long-term clinical results using the 
bone impaction grafting method on the acetabu-
lar side with large bone grafts (Welten et al. 2000, 
Schreurs et al. 2001, 2004).
We found a positive effect of bone graft washing 
on the initial cup stability. Washing did improve the 
stability without increasing the cement penetration, 
suggesting that inter-particle shear resistance may 
be a more important factor than cement penetration 
in determining reconstructive stability. In addition 
to other studies that have reported advantageous 
mechanical effects of bone graft washing (Ullmark 
and Nilsson 1999, Ullmark 2000), Dunlop et al. 
(2003) also reported enhanced mechanical strength 
of reconstructions with washed bone grafts and 
explained this as being due to the increased friction 
characteristics between bone graft particles. In turn, 
this increase was thought to be due to the removal 
of fat and marrow, allowing tighter impaction. 
Next to these mechanical advantages, biological 
advantages of washing such as reducing the risk of 
bacterial infection (Hirn et al. 2001) and promotion 
of bone graft incorporation (Hostner et al. 2001, 
van der Donk et al. 2003) have been reported; thus, 
washing may be clinically advisable. 
In conclusion, we found that inter-particle shear 
resistance was positively inﬂuenced by both wash-
ing the bone grafts and using large-sized bone 
grafts. Cement penetration was hardly affected by 
washing the bone grafts. On the contrary, cement 
penetration is mainly inﬂuenced by bone graft size. 
Hence, large bone grafts probably facilitate a high 
lever-out force by allowing a higher inter-particle 
shear resistance and deeper cement penetration—
and can therefore be critical for initial cup stability. 
Based on the fact that failure occurs in the bone 
graft layer, it is likely that initial acetabular cup sta-
bility is mostly determined by inter-particle shear 
resistance whereas cement penetration may not be 
as important. 
From a mechanical standpoint, we advocate 
using large bone grafts that have been washed 
prior to impaction, in order to achieve optimal cup 
stability when using the bone impaction grafting 
technique. 
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